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Summarv
A study was undertaken to evaluate a variety of materials and coatings for the DWPF pour spout bellows liner. The intent was to i d e n e materials that would minimize or eliminate adherence of glass on the bellows liner wall and help minimize possible pluggage during glass pouring operations in DWPF. Glass has been observed adhering to the current bellow's liner, which is made of 304L stainless steel. Materials were identified which successf5lly allowed molten glass to hit these surfaces and not adhere. Results of this study suggest that if these materials are used in the pouring system glass could still fall into the canister without appreciable plugging, even if an unstable glass stream is produced. The materials should next be evaluated under the most realistic DWPF conditions possible.
The glass sticking temperature was used as the performance criteria in these studies. This temperature is defined as the lowest temperature at which a glass bead sticks to the coupon and cannot be dislodged with minimal force. Materials and coatings generally exhibit good performance at temperatures at or below the glass sticking temperature range. Results of the screening tests indicated that materials with high thermal conductivities, namely, sterling silver, Consil@ 995 [99.4 wt?! Ag / 0.25 MgO / 0.25 Nil, oqgen-fiee copper pre-oxidized at 900 OC, and aluminum and the non-wetting, non-metallic materials such as boron nitride, pure graphite, and carbodcarbon fiber composite had superior performance, i.e., highest glass sticking temperatures. Glass would stick to the latter group of materials; however, unlike the metal coupons e.g., Type 304L stainless steel, the glass would spall off when the temperature was allowed to decrease slightly. Other candidate materials that performed satisfactorily were the CDA 706 (90 CdlO Ni) and the Nickel 200. Glass delaminated fi-om these materials at the oxide/glass interface upon cooling to room temperature.
Other findings of this study include the following:
Increasing coupon thickness produced a favorable increase in the glass sticking temperature.
Highly polished surfaces, with the exception of the oxygen-fi-ee copper coupon coated with Armoloy dense chromium, did not produce a significant improvement in the glass sticking temperature. Increasing angle of contact of the coupon to the falling glass did not yield a si@cant performance improvement.
Electroplating with gold and silver and various diffusion coatings did not produce a simcant increase in the glass sticking temperature. However, they may provide added oxidation and corrosion Boron nitride coatings delaminated immediately after contact with the molten glass.
Candidate materials with good resistance to glass sticking that should be considered for future testing in conditions representative of the DWPF bellows region are carbonkarbon composite, boron nitride, Nickel 200, Consif' 995, oxygen-free copper, and CDA 706.
resistance for copper and bronze liners.
Glass Pourinp Problems & Potential Remedies
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The DWPF has experienced glass pouring anomalies during its operations. A substantial effort has been undertaken to understand and correct these anomalies. Independent teams have concluded that they are most likely caused by multiple factors. Potential remedies can be grouped into two main categories [ 11: 1) actions to "stabilize the molten glass stream" as it exits to either minimize or eliminate "wicking problems" and subsequent glass pluggage e.g., redesign of the pour spout insert and 2) actions involving engineering around an inherently unstable glass stream through the use of a non-stick bellows liner. Such a protective liner would preclude the build-up of glass when the glass stream contacts the liner wall and h e 1 it into the canister.
The ideal solution would include a combination of these two remedies, i.e., stabilization of the glass stream and also redundant engineering solutions should the stable stream de-stabilize during operations.
The objective of the present technical report is to discuss results of an investigation aimed at evaluating non-stick coatings and alternative materials for the melter pour spout bellows protective liner. These materials can potentially provide an important "insurance policy" to either minimize or eliminate fbture glass pluggage in the pouring region. This concept would allow glass to fall into the canister even if the stream becomes unstable. The bellows liners are removable and are of modular design. Thus, implementing this concept would be reversible and pose no significant risk to the melter and glass quality.
Background
The Materials Technology Section ( M T S ) was requested by DWPF and Vitrification Technology to evaluate various materials and surface treatments for possible application to the DWPF melter pour spout bellows protective liner. Pour stream instability has been observed throughout cold and radioactive operations. As a result, glass wicked down the side of the pour spout and into the bellows where it solidified. During cold runs, glass was removed from the bellows by mechanical cleaning (scraping). Cleaning the bellows during radioactive operations was impossible. Therefore, a Type 304 L stainless steel replaceable liner was developed to protect the bellows from the glass (Figure 1) . However, glass still periodically adhered to the protective liier thus restricting the flow of glass in this region of the pour spout. Depending on the stability of the pour stream, pluggages resulted in as little as one day of melter operation. The liner was mechanically cleaned by dropping a 150 lb weight through the center knocking free any adhering glass and effectively extending liner life. The liners are discarded when they were deformed and no longer fit into the bellows. Direct temperature measurements in the bellows have not been taken, but they are expected to range between 400 and 500 "C. Temperature of the liner is expected to approach the temperature of the molten glass (800 -900 "C) if the glass remains in contact with the liner for extended periods of time, or if large gobs of glass are involved. The temperature may also be higher at the top of the bellows, closest to the heated pour spout.
Screening tests performed as part of this study were designed to determine the lowest temperature at which molten glass will adhere to various materials and coatings while in air (referred to as the 
Experimental Amaratus and Test Procedures
A small melter capable of melting 300 grams of glass per batch (Figure 2 ) was constructed. The test apparatus consisted of two independently controlled pairs of ceramic fiber heaters surrounding an Inconel 690 box (dimensions, 10.2 cm by 7.6 cm by 10.2 cm) and an Inconel 690 drain tube (7.6 m long with a 4.5 mm inner diameter). Both the heaters and the area below the drain were covered with an insulating blanket and/or fiber board. Test specimens were placed on a hot plate approximately 7.5 cm below the drain. The hot plate was not insulated. Coupons were tested at 45 and 80 degree angles to the horizontal plane.
Most of the plate coupons were 0.318 cm thick; however, one thicker (0.953 cm) coupon was fabricated from each of the following materials, Type 304L stainless steel (304L), oqgen-fiee copper, and aluminum. Dimensions of the coupons are shown in Appendix 2. Coupons were either used in the as-received condition (generally better than a 600 grit tinish), ground to a 600 grit finish or polished to a 1 micron finish. AIl coupons were cleaned w i t h ethyl alcohol prior to testing. The thickness of the silver and gold electroplating on the copper and 304L coupons was 2.54 microns (0.0001 in). Type 304 L stainless steel coupons were also coated with Carbomdum Combat@ boron nitride (Type A and S pastes and aerosol spray) according to the manufacturer specifications (Appendix 1 ) . See Table 1 for a list of candidate materials and surface treatments.
Temperature data were obtained from commercial grade thermocouples that were placed in the molten glass, at the end of the drain, and on the specimen near where the glass contacted the specimen. The three thicker coupons were drilled to accommodate an additional thermocouple oriented in the middle of the coupon just beneath the glass contact area.
Testing was performed by melting glass fiom DWPF cold run canister SO0407 at approximately 1050 "C. The drain was maintained at approximately 1025 "C which would yield glass temperatures between 760 to 830 "C on the surface of the test specimen. All tests were performed in air. Glass exited the drain and formed a bead approximately 5 mm in diameter every 7 to 10 seconds. The test specimens were heated using a hot plate (maximum temperature 500 "C) from ambient to the temperature where glass would stick on the coupon. As the plate was heated the glass bead was observed in order to determine whether or not it adhered to the coupon. A piece of Inconel weld wire was used to push the glass bead off the coupon when it began to stick. The temperature at which the bead could not be dislodged fkom the coupon using minimal force was defined as the "glass sticking" temperature. Higher sticking temperatures are beneficial, as this would allow a broader operational temperature range in the bellows.
Results
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General Observations
Results of the screen&g tests indicated that high thermal conductivity materials namely, copper, sterling silver, Consil 995 and aluminum had the best (highest) glass sticking temperatures of all the metallic materials. Solid graphite, boron nitride, and the carbodcarbon fiber composite performed extremely well with glass sticking temperatures ranging fiom 440 to 510 "C ( Table 2 ) . When glass stuck to these materials it could be removed by lowering the temperature slightly. Glass stuck to the pre-oxidized (900 "C) Inconel 690 coupon at 290 "C. The glass did not spall off during cooling and was also diflicuk to remove at room temperature. The oxide scale was thick and uniform.
Polished and as-received coupons formed a thin gold colored oxide, similar to the pre-oxidized coupon, when heated on the hot plate above 400 "C. A blue oxide was observed on these coupons around the glass contact area. Glass tenaciously bonded to this oxide and could not be removed at room temperature even with vigorous mechanical cleaning Figure 3 ). Removal of glass at room temperature from the electroplated and diffusion coated coupons was significantly easier than cleaning the oxidized samples.
Boron nitride pastes and the aerosol spray on the copper and 304L coupons spalled either after application or as the glass contacted the coated coupon. The spray contained numerous organic binding agentdsolvents (i.e. propane, butane, acetone, and ethylcellulose) and burned immediately upon contact with the molten glass. After the boron nitride spalled, glass would stick to the exposed stainless steel surface at temperatures comparable to the other 0.3 18 cm thick coupons.
Copper Coupons
The glass sticking temperature for the various copper coupons ranged tiom 363 to 440 "C. This was significantly higher (approximately 100 "C ) than the 304L and Inconel 690. . Generally, diffusion and electroplated coatings, did not prove beneficial with respect to glass sticking; however, these coatings may increase life of copper alloys by reducing corrosion and/or oxidation. However, the polished dense chromium coated coupon did show a significant improvement with the glass beginning to adhere around 440 "C. &-received and polished copper coupons formed a non-uniform loosely adhering scale during the test. Although this Scale spalled readily, glass would stick to the exposed copper substrate. Any glass which remained after cooling to room temperature could be removed by mechanically cleaning. The force necessary to clean the glass Page5of19 WSRC-TR-97-0113 deposits from these coupons was sigtllticantly less than that required to remove the @ais from the stainless steel coupons. Increasing coupon thickness was beneficial, resulting in a corresponding increase in the glass sticking temperature.
The Copper Development Association alloy CDA 706 formed a uniform oxide scale that would bond with the glass. However, upon cooling the glass would delaminate at the oxide metal interface and slide OK Oxide from the coupon was observed on the glass surface which was in contact with the coupon (Figure 4 ). This oxide layer would quickly reform on the coupon so the glass never bonded with the copper substrate.
The copper coupon pre-oxidized at 900 "C had the lowest glass sticking temperature, 341 "C, when compared to the other copper coupons. This coupon contained a very thick black uniform scale. As was observed with the CDA 706 coupon, the glass would delaminate upon cooling. The copper substrate was never exposed during the approximately 30 minute test and it was dZEcult to determine ifthis oxide was degrading (thinning) or reforming during the test.
Graphite, Carbon /Carbon Fiber Composite, and Solid Boron Nitride
Non-metallic materials including solid boron nitride, graphite, and the carbodcarbon fiber composite had the highest glass sticking temperatures of all materials tested, 440, 510, and 465 O C respectively and hence, exhibited excellent performance. Above this temperature range, glass would stick to these materials. However, it would slide off when the temperature was decreased slightly. These materials did not show any evidence of degradation, including discoloration, as a result of exposure to molten glass.
Other Alternate Materials -Sterling Silver, Consil* 995, Aluminum, and Nickel 200
Temperatures in excess of 400 "C were kquired for glass to stick to materials with a high thermal conductivity, (Le. sterling silver, Consil 995, and 1100 aluminum). These materials shed glass readily upon cooling. The sterling silver and ConsilQ 995 were slightly discolored, but no degradation was noted. Scale formation on these two materials was minimal. As observed with the copper and stainless steel, increasing thickness of the Consilo 995 increased the sticking temperature. Aluminum formed a white uniform oxide while at elevated temperatures. This scale did not appear to degrade during the test. Nickel 200, which has a thermal conductivity much lower than the aluminum and sterling silver, performed satisfactorily up to 403°C. This alloy formed a blue uniform scale and shed glass much like the CDA 706 and copper @re-oxidized at 900 "C) coupons. Glass deposits delaminated from this coupon after cooling to room temperature. The oxide was uniform and in good condition following the test.
Discussion
Results indicated that materials with a high thermal conductivity, (i.e. sterling silver, Consil* 995, copper, and aluminum) had the highest glass sticking temperatures of all the metallic materials tested. High thermal conductivity materials transfer heat readily and if the temperature differential between the molten glass and the coupon is large, the glass will quench rapidly and not remain adhered to the surface. However, as the temperature differential between the molten glass and coupon decreases, bonding (chemical andor mechanical) can result. This may occur because the chemical reaction is more kinetically favorable at the higher temperatures and because the molten glass is less viscous. Others have shown that decreasing viscosity increases the contact area thus, WSRC-TR-97-0 1 13 increasing the probability of a chemical bond [2, 3] . If the glass bonds with the metal substrate or with a tenaciously adhering oxide and the thermal stresses generated upon cooling are not sufficient to break this bond, the glass will not delaminate and slide off. However, i f a chemical bond does not exist and/or if the oxide is weakly adhering to the metal substrate, the glass will spall. In order for the latter to occur continually the oxide must reform rapidly. Both the CDA 706 and Nickel 200 appear to perform in this fashion.
Glass stuck to both the 304L (reference material of construction of the current DWPF bellows liner) and the Inconel 690 coupons. These alloys contain chromium and readily form a spinel (NiCr204) or chromium oxide (Cr203) protective layer in oxidizing environments. The oxide which formed on the 304L at 400 "C was thin and tenaciously bound to the substrate. The glass adhered well to the 304L because of this excellent mechanical and the chemical bond resulting fiom the borosilicate glass afXnity for chromium oxide. Pask [4] has shown this for other silicate glasses. The oxide scale on the Inconel 690 coupon (pre-oxidized at 900 "C) was not bound as tightly as the scale on the 304L, thus the glass did not stick as well.
Electroplated and dfision coatings on copper and 304 L coupons did not significantly increase the glass sticking temperature. This suggests that the thermal conductivity and the mass (thicker coupons had higher sticking temperatures) of the substrate play a greater role in impeding glass adherence than does d a c e tension at the lower temperatures. The polished dense chromium coating on the copper coupon was the only coating that showed an improvement in performance.
Further testing of this material would be necessary to understand this phenomena.
Non-metallic materials including boron nitride, pure graphite, and the carbodcarbon fiber composite also had high glass sticking temperatures, 440, 510, and 465 "Cy respectively. This data represents the temperature at which glass would begin to stick to the coupons under the test conditions. This is a relative number that may change with glass flow rate and temperature of the glass contacting the plate. Above these temperatures glass would stick to these materials.
However, unlike the metallic coupons, the glass would slide off when the temperature was decreased slightly. The molten glass did not appear to wet the surface of these materials, especially at the lower temperatures. Therefore, surface tension may play an important role with the ability of these materials to shed molten glass.
Boron nitride aerosol sprays and pastes applied on 304L and copper substrates do not provide adequate protection. Although solid boron nitride performed exceptionally well, the pastes and sprays spall readily, and therefore, do not provide adequate protection. These materials are difficult to apply uniformly and in the case of the aerosol spray, contain volatile organics which ignite upon contact with the molten glass.
Increasing the angle of the coupon plane did not significantly change the glass sticking temperature. This may be because the glass beads were small and their weight was insignificant compared to the surface area adhering to the metal surface. Allowing a large deposit of glass to adhere to the coupon surface or increasing the flow may affect this result.
Future work will be required to evaluate the effects of continuous pouring at rates comparable to that of DWPF. In addition, corrosion, and mechanical properties at elevated temperatures will also need to be considered before selecting primary materials. Although aluminum performed well, it was not considered as a possible candidate material because its low melting point. Mechanical and physical properties of selected materials are presented in Appendix 4.
The primary focus of this study was the glass sticking temperature. In addition, some mechanical and chemical properties were also included. However, other factors must be considered before WSRC-TR-97-0 1 13 selection of a candidate material for the fabrication of a prototype liner can be inade. As discussed previously corrosiodoxidation resistance in the pour spout environment is a primary concern. Other factors that must be considered are available product forms, fabricability, affect on glass quality and total cost, including both material and fabrication costs. The table in Appendix 5 compares these factors relative to 304L. With the exception of boron nitride, all materials are available in the required product forms. Excluding the carbodcarbon fiber composite, candidate materials should not adversely affect glass quality. The carbodcarbon fiber composite needs fbrther evaluation because of limits on organics in the glass. AU of the candidate materials are fabricable although special processes, e.g. weld filler materials and procedures, may be required. Total material and fabrication costs relative to 304L are presented in Appendix 5. The carbodcarbon fiber composite material is most expensive because initial tooling costs will be high.
Conclusions
Based on the results of this study the conclusions are:
3)
4)
7)
Glass adhered tenaciously to oxidized Type 304 L stainless steel even at room temperature. This oxide formed readily at temperatures greater than 400 "C.
Materials were identified that would resist glass sticking in a temperature range expected to exist in the DWPF pour spout bellows region.
-Non-metallic materials including solid boron nitride, graphite, and the carbodcarbon fiber composite had the highest glass sticking temperatures of all materials tested. The temperatures were 440, 5 10, and 465 "Cy respectively.
-Materials with a high thermal conductivity, (i.e. sterling silver, Consil@ 995, copper, and aluminum) had the highest (best) glass sticking temperatures of all the metallic materials tested. The temperatures were, 418,400,375, and 403 "Cy respectively.
Increasing coupon thickness (i.e. increasing the thermal mass) raised the glass sticking temperature, decreasing the tendency to stick.
Highly polished surfaces did not provide a significant performance advantage over a machined surface.
Glass spalled fiom the CDA 706, Nickel 200 and the oxygen-fiee copper pre-oxidized at 900 "C by delaminating at the oxide / metal interface.
Coatings intended to alter the surface chemistry of the coupon 0.e. sterling silver, gold, and chromium) did not have a significant effect on the glass sticking temperature, except for the polished dense chromium coating. These coatings may be beneficial in decreasing oxidation and corrosion rates.
Changing the angle of the coupon planar s u~a c e from 45 to 80 degrees did not have a significant effect on the glass sticking temperature.
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